A KCl-soluble protein fraction can be extracted from the water-insoluble residue of the homogenate of sea urchin eggs which contains three major components separable by ultracentrifugation. When the extract is stirred in acetone or distilled water, a fibrous precipitate appears which has a strong birefringence positive in the direction of the long axis. When the fraction is squirted through a slender tubing, it precipitates in the form of a thread. The thread model contracts vigorously under the action of di-, tri-, and tetravalent metal ions; the contraction can be reversed by EDTA. The contraction and the elongation of the thread model can be repeated many times. The thread model contracts also in the presence of dehydroascorbic acid, cystine, oxidized glutathione, or other oxidizing agents, and this contraction is reversed by reducing agents such as cysteine or ascorbic acid. When --S H groups of the thread model are blocked by various --S H reagents, the contraction by metal ions is inhibited to some extent. As mechanisms of the contraction, electrostatic forces between metal ions and negative charges of the thread model are essential for metal ion-induced contraction and oxidation o f --S H groups of the thread model for the contraction by oxidizing reagents.
b o t h the cell m o d e l a n d histone t h r e a d model. I n 1948-52, Zbarskii a n d P e r e v o s h c h i k o v a isolated a histone f r o m the nuclei of h u m a n liver cells a n d found t h a t its t h r e a d m o d e l c o n t r a c t e d in the presence of alkaline e a r t h m e t a l ions or of A T P (10) (11) (12) . M o r e recently H o f f m a n n -B e r l i n g p r o p o s e d the idea t h a t in the c o n t r a c t i o n of the VorticeUa model, electrostatic forces are essential for the contraction (3) . T h i s p a p e r will describe the properties of the t h r e a d m o d e l p r e p a r e d f r o m sea u r c h i n eggs at the m e t a p h a s e of the first division.
M A T E R I A L S A N D M E T H O D S
The eggs of the sea urchins Hemieentrotus pulcherrimus, Anthocidaris crassispina, and Pseudocentrotus depressus were used.
Extraction of 0.6 M KCl-Soluble Fraction
The procedure was the same as that used before (7) . The eggs at the metaphase were used as a standard material for extracting the KCl-soluble fraction.
Preparation of the Thread Model from the KCl-Soluble Fraction
When the KCl-soluble fraction was squirted from a pipette into chilled acetone or water, it formed a thread-like precipitate. Although the thread was not cohesive enough to support its own weight when prepared in water, the thread precipitated in chilled acetone was so cohesive that it could be lifted by the end. As the thread was lifted out of acetone, the surface tension of acetone pulled on the thread giving a better orientation of the mieelles. The procedure had to be performed within 30 seconds after the squirting; otherwise, the coagulation of the protein prevented the formation of the thread. Usually a thread about 5 m m long and 0.4 m m wide was used. The newly prepared thread model was washed at once with 10 -2 u tris (hydroxyo methyl) aminomethane-HCl (tris-HC1) buffer at p H 7.0.
Measurement of Free Contraction of the Thread Model
The thread model prepared in chilled acetone was placed in I0 -2 M tris-HC1 buffer at p H 7.0 in a glass trough. The length of the thread was measured under the microscope (X 20) using an ocular micrometer. Degree of shortening of the thread was expressed in percentage of shortened length over the initial length of the thread.
To test the validity of such an expression, twenty threads of various initial lengths were made to shorten by CdC12. The figure of 30 4-1.84 (standard deviation) was obtained, indicating that the percentage of shortening was independent of the initial lengths of the thread. Hereafter, mean values of five to ten readings were taken as representative for a given condition.
Measurement of Loaded Contraction
The thread model made in acetone was placed on a glass slide. An open ring made of a thin copper wire (200 to 1000gg in weight) was hooked to one end of the thread and the glass slide with the preparation on it was dipped into 2.0 ml of tris-HC1 buffer. The free end of the thread was picked up with a pair of paraffin-coated forceps, which was, in turn, fastened by a clamp to let the thread hang in the medium (Fig. 1) . The rise of the ring was observed through a horizontal microscope with an ocular micrometer at various intervaIs of time after the addition of test reagents. When necessary, the solution was changed carefully avoiding vigorous flowing of medium and also keeping the thread under the surface of the liquid.
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L o a d FIGURE 1. Apparatus for observing loaded contraction.
R E S U L T S
The Properties of the KCl-Soluble fraction
The KC1 fraction of the unfertilized eggs was analyzed by ultracentrifugation in a Spinco model E ultracentrifuge at 260,000 )< g. Five components could be noticed in the extract among which three components were larger in amount. S20.~'s of the major components were respectively 72, 25, and 3.2 ( Fig. 2 a) . The component 72S disappeared within 8 minutes of centrifugation (Fig. 2 b) . This component may possibly have been macromolecular aggregates of ribosomal material, since a peak of absorption at 260 m~ of the fraction disappeared during centrifugation, revealing another peak at 275 m g (by a measurement made at 32 minutes). The supernate containing the remaining two components formed a more delicate and cleaner fiber Hemicentrotus eggs at the metaphase. × 100, phase contrast. t h a n that m a d e f r o m the whole KC1 extract, the fiber m e a s u r i n g less t h a n several m i c r a in diameter. A l t h o u g h contractility of the thread m o d e l p r e p a r e d f r o m the two slower c o m p o n e n t s was tested in 10 .2 M M g " , the results presented in the following pages are with threads p r e p a r e d from crude extract.
Birefringence of the Fiber Formed in Acetone
W h e n the whole KC1 extract was stirred vigorously in acetone, fibrous precipitate a p p e a r e d at once (Fig. 3 ). This fact shows that the molecules of the protein h a v e polarity favorable for fibrous orientation. I n fact, the fibers prep a r e d from the whole fraction or from the two slower c o m p o n e n t s showed strong birefringence positive in the direction of their lengths, in either w a t e r or acetone m e d i u m .
Contraction and Elongation of the Thread Model
CONDITIONS Sidewise a n d lengthwise contraction of the loaded t h r e a d was induced by 10 -2 M m e t a l ions a n d 10 .2 ~-~ 10 -8 M reagents oxidizing --S H groups, in 10 .2 M tris-HC1 buffer at p H 7.0.
T h e efficiencies of various reagents in inducing the loaded contraction were c o m p a r e d in terms of p e r c e n t a g e of contraction caused by Mn". T h e proc e d u r e was as follows: T h e p e r c e n t a g e of shortening by Mn'" (L1) was m e a s u r e d a n d the t h r e a d was m a d e to elongate to the original length by 10 -~ u e t h y l e n e d i a m i n e t e t r a a c e t i c acid disodium salt ( E D T A ) . As the second step, the percentage of shortening of the same thread by a test reagent (L~) was measured, after which the original length was restored by EDTA. As the third step, contraction of the same thread by Mn'" (L~) was checked once more. As the fourth step, a ratio was obtained between the contractions L, produced by the test solution and by Mn'" which is L1 + L-------~" This ratio holds 2 only for individual threads. T o make comparisons possible on a common base, the ratio was further multiplied by 33 (per cent) which was a mean value of L2 percentage of shortening by Mn'" of forty-four samples. Therefore, L1 + L3 X 2 33 represents a relative percentage of shortening valid for various threads under various conditions. These values are shown in Fig. 4 as black columns (the blank columns will be explained presently).
In the case of Cu" ", Hg" ", F e ' " , Cr'" ", and cystine, since complete reversibility of the contraction-elongation cycle could not be obtained with EDTA, L2 the shortening was calculated by ~ X 33. (c) POLYVAL~.NT METAL IONS Solutions of divalent cations as dilute as 5 X 10 .4 ~ barely induced shortening. As the concentration was raised, the contraction increased until the thread model contracted vigorously and exhibited a maximum degree of contraction within 5 minutes at 10 .2 M. The most effective among the divalent cations were Cd'" and C u " , contractions induced by these ions amounting to about 40 per cent. Efficiencies of divalent metal ions fell in the following order (Fig. 4) .
Since solutions of trivalent metal could not be buffered at p H 7.0, strict comparison was impossible.
Contracted thread models elongated by the change of the medium to 10 .3 E D T A in 10 .2 M tris-HC1 buffer at p H 7.0 are shown in Figs. 5 and 6. Similar elongations were observed with threads in the unloaded state. The
shortening and the elongation produced by change of the medium could be repeated with perfect reversibility (Figs. 5 and 6 ), resembling the contractionelongation cycles of the actomyosin thread (2) . This was true with all divalent metal ions used in the present work except Cu'" and Hg'" with which re- The explanation is given in the text. The final concentration of reagents was 10 -2 M except monovalent ions (2 X 10 -~ M) and cystine (10 -3 ~).
versibility was imperfect. Elongation of the contracted thread in tris-HC1 buffer alone (low ionic strength) amounted to about half of that caused by EDTA, Although E D T A simply reversed the shortening after divalent cations, in the case of tri-and tetravalent metal ions EDT& transiently induced a further shortening and then brought about a gradual elongation ( . T h e t r a n s i e n t s h o r t e n i n g s a r e s h o w n in Fig. 4 as b l a n k c o l u m n s (L 4). T h i s s h o r t e n i n g was l a r g e r after a c o n t r a c t i o n p r o d u c e d b y t e t r a v a l e n t m e t a l ions t h a n it was f o l l o w i n g o n e p r o d u c e d b y t r i v a l e n t ions.
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T capable of causing a contraction (Fig. 8 ) which could be reversed by ascorbic acid (10 -3 M at pH 7.0). The cystine2-cysteine system worked similarly to the ascorbic-dehydroascorbic acid system (Fig. 9) . Oxidized glutathione caused shortening to a lesser extent than did cystine, but its reversal by reduced glutathione has not been tried yet. It may be safe to consider that the shortening of the thread is achieved by the formation o f --S --S --bonds, and the elongation of the thread is induced by their reduction, resulting in the loosening of the structure for elongation. The shortening produced by the above organic agents, however, was slower than the shortening caused by metal ions (cf. Figs. 5 and 7 with Figs. 8 and 9 ), presumably because of the slowness of diffusion and of the oxidation reaction, since in the presence of a small amount of CuSO4, a catalyst of oxidation, the shortening became much faster.
Other oxidizing reagents, such as sodium tetrathionate, hydrogen peroxide, or 0-iodosobenzoate, also caused shortening of loaded threads. Those shortened threads were elongated by cysteine to the original lengths. A mercaptideforming agent (p-chloromercuribenzoate (PCMB)) and an alkylating agent (monoiodoacetate (IAA)) were ineffective for inducing shortening, as might be expected.
Role of --SH Groups in the Contraction by Polyvalent Metal Ions
As can be judged from parts c and D of the foregoing section, since the thread is made to contract either by metal ions or by oxidizing agents, electrostatic forces in the former case and oxidation o f --S H groups in the latter case, are both involved in contraction. However, fragmentary data can be found suggesting a direct involvement of oxidation o f --S H groups even in the contraction by metal ions. It was previously pointed out that after contractions were produced by Fe'", Cr"" (Fig. 7 B) , or Cu", EDTA failed to restore the original lengths of the threads. Since the above types of ions are well known catalyzers of the oxidation of --S H groups, the formation of permanent disulfide bridges could be a cause of irreversibility.
With the purpose of studying this situation further, --St-I groups were blocked or oxidized first and then Mg'" and Cd'" were made to act on the thread. Monoiodoaeetate, p-chloromercuribenzoate, hydrogen peroxide, cys-I 10-3 M dehydroascorbic acid was prepared by oxidizing ascorbic acid with a small amount of 0.1 per cent H20~ until the solution stopped reducing 2,6-dichlorophenol indophenol. 2 Cystine solution at p H 7.0 was prepared as follows: A small amount of 0.1 per cent H~O2 was added to 2 X 10 -3 M cysteine in tris-HC1 buffer at p H 7.0 until the nitroprusside reaction became negative. In the case of commercial cystine, the cystine was dissolved in a small a m o u n t of 10 -1 N a O H and p H was then adjusted to 7.0 with 10 -1 M KH~PO4 followed by addition of an adequate amount of 10 -~ M tris-HCl buffer.
tine, sodium tetrathionate, and 0-iodosobenzoate were used. After a 1 hour treatment with these reagents at room temperature (23-24°C), the threads were washed several times with 10 -2 M tris buffer and the free (unloaded) contractions in M g " and in Cd'" were measured. With all the --S H reagents used, the shortening produced by Mg'" and that by Cd" were suppressed, as given in Table I . Suppression of the metal-induced contraction by --S H reagents, if expressed as the difference between non-treated and treated threads in Table I , amounts roughly to 10 to 18 per cent, which happens to coincide with the level of contraction produced by cystine alone (Fig. 4) . The inhibition by --S H reagents of the Cd"-induced contraction may indicate that a part of the contraction induced by Cd'" is due to mercaptide formation by this ion. However, the explanation for a similar inhibition of the M g " -induced contraction by --S H reagents may have to resort to electrostatic interaction again, since Mg'" does not form a mercaptide. When the unloaded contraction was brought about by mercuric chloride in KH2PO4-NaOH buffer at pH 7.0, neither shortening by more effective metal ions nor elongation by EDTA could be evoked. In this case covalent bonds between sulfur and mercury might be fixing the length of the thread. On the other hand, this thread without load could be made longer than the original length by cysteine.
T A B L E I I N H I B I T I O N O F C O N T R A C T I O N O F T H R E A D M O D E L BY P R E T R E A T I N G W I T H --S H l~E A G E N T S (PSEUDOCENTROTUS)
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Relation between the Weight o/Load, the Degree of Contraction, and the Work Performed
When contraction against' various weights was induced by Mn" ", the heavier the load was, the less was the contraction of the thread. The degree of contraction plotted against the weight is shown in Fig. 10 . As Hayashi observed with the actomyosin thread (1), the amount of work done increased as the weight was increased. It is an unexpected fact that fibrous gel extracted from sea urchin eggs contracts under the influences of reagents oxidizing --S H groups. Concerning the contraction produced by dehydroascorbic acid, cystine, oxidized glutathione, and other oxidizing reagents, the formation of intra-and intermolecular --S --S --bonds m a y be the only possible interpretation, since reducing agents such as cysteine and ascorbic acid are effective in producing subsequent elongation. The contraction caused by metal ions, which is also reversible, appears to be due to electrostatic forces between negative charges of protein and added metal ions. In the case in which EDTA was applied after tri-or tetravalent metal ions, the transient shortening produced by EDTA can be interpreted on the basis of chelation of residual positive charges of the metal ions bound to functional groups of the thread. This assumption is further supported by the fact that the transient contraction is more pronounced after the treatment with tetravalent metal ions than after that with trivalent metal ions, with no exception. As time passes, EDTA completely removes polyvalent metal ions from the protein, which results in gradual elongation to a maximum degree.
Thus two mechanisms are considered for the contraction. One is by the formation of b S --S --bridges and the other is by electrostatic attraction.
So far the effect o f --S H reagents and that of metal ions have been treated separately, mainly for the simplicity of argument, but in actuality, metal ions, aside from their mutual electrostatic interaction, will interfere directly with --S H groups. Moreover, two different ways of interference of metal with --S I t groups can be imagined. For instance, metal ions such as Cd" ", Zn", and Hg'" will combine directly with two --S H groups while metal ions such as Cu" ', Fe'", and Cr"" would act as catalyzers of the oxidation o f --S H groups into --S b S --. The contraction may depend on both these factors.
On the other hand, the stability of metal complexes of proteins depends on the strength of the affinity of the two. Now Mellor and Maley (6) have pointed out that the stability of complexes of divalent metal ions with chelating reagents follows the order indicated below.
Pd'" > Cu'" > Ni'" > Co" > Zn'" > Cd'" > Fe" > Mn'" > Mg'" If it can be supposed, in the present work, that the time required for 50 per cent elongation by EDTA of the thread shortened by various divalent cations represents the degree of the affinity between the thread and cations, the order of the stability of the complexes agrees with the above alignment except for Cd" ", Zn" ", and Fe" ".
Kuhn investigated a synthetic mechanochemical muscle model, "redox muscle," which was composed of a polymer of vinylalcohol and allylalloxan (5) . Oxidation of alloxan components in the model to dialuric acid induced a dilation of it and reduction of dialuric acid to aIloxan resulted in a contraction. He thought that the van der Waals' forces together with the change in the solubility were related to the contraction and dilation of the polymers. Although the present thread model resembles Kuhn's redox muscle on the point that a change of redox potential causes reversible contraction and elongation, chemical events in the two models seem to differ; i.e., the van der Waals' forces for Kuhn's model and formation and breakdown of disulfide bonds for the present thread model.
Zbarskii and Perevoshchikova extracted a protein fraction having histone properties from the nuclei of human liver cells with 0.24 N HC1 (10) (11) (12) . When injected into water, the protein became a gelatinous thread which THE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME 45 • 1962 showed a "sharp" contraction upon the addition of 10 -~ ~t A T P or 10 -2 M MgSO4 or CaC12, singly. The thread model of sea urchin eggs shows some resemblance to their protein except for the action of ATP.
More recently Hoffmann-Berling found that a glycerinated Vorticella model contracted upon the addition of C a " or Sr'" and relaxed upon the removal of the cations by E D T A (3). Divalent alkaline earth metal ions other than C a " and Sr'" had little effect on the contraction, in which respect the model differs from the sea urchin protein. Interestingly enough, he noticed that the contraction has no dependence upon A T P although he thought A T P was necessary for relaxation.
Recently in Mazia's laboratory, Kane and Hersh (4) extracted a protein fraction from sea urchin eggs with water or 0.1 ~t KC1 at p H 7.0 and found three major components, 20, 7, and 3.5S, the 7S component being responsible for the formation of a fibrous gel in the presence of divalent cations. Although sedimentation constants of two of the three components of the 0.6 M KC1-soluble fraction of the present study are close to those of their protein, the two kinds of protein fraction differ in water solubility and in gel formation induced by divalent cations. Also in Mazia's laboratory, Went (9) found that the 0. 1 M KC1 extract of ethanol-preserved unfertilized eggs reacted with an antiserum to the antigenic protein of the mitotic apparatus.
Finally, concerning the in vivo condition, although oxidized glutathione, ascorbic acid (8) , and metal ions are present in sea urchin eggs, little possibility can be seen for them to play a role and A T P has been shown to be noneffective. Therefore, if this protein were to perform some work by its contraction or elongation, an entirely new factor must be operating in the living cell. This point has been followed to some extent and will be reported in the next paper.
